As shown in previous papers from this laboratory (McIlwain, 1949; Mcllwain, Stanley& Hughes, 1949) , glycolysis by washed suspensions of Lactobacillus arabinoaw8 17 -5, whichhave been grown on a nicotinic acid-deficient medium, is stimulated by the addition of nicotinic acid. The stimulation is due to the synthesis of cozymase and, since this organism does not rapidly decompose the coenzyme (McIlwain & Hughes, 1948) , it seemed to be suitable material in which to study its synthesis. In the present studies, the effect of limiting amounts of nicotinic acid, nicotinamide and nicotinamide nucleotides on the stimulation of glycolysis and on the synthesis of cozymase has been investigated. Young deficient cells glycolysing in an optimal concentration of nicotinic acid rapidly synthesized cozymase until the cells became saturated with the coenzyme; synthesis of cozymase and metabolism of nicotinic acid then ceased. Glucose alone of the constituents of the growth medium was essential for the synthesis of cozymase by washed suspensions. The uptake of nicotinic acid ran parallel to the synthesis of coenzyme and no detectable amounts of any possible intermediate in the synthesis were detected in cells or the suspending fluid. Unexpectedly, nicotinamide was found to be rapidly deamidated by the washed suspensions; deamidation was independent of the glucose and of the cozymase content of the cells. EXPERIMENTAL
Growth conditions for obtaining cozymase-deficient cells
Ladtobacillus arabinosus 17-5 was grown as described by McIlwain & Hughes (1948) on the semi-synthetic medium consisting of casein hydrolysate, salts and vitamin supple-washed out twice with -0 ml. 0-9% NaCl, the washings were added to the centrifuged cells and recentrifuged. The washings were discarded and the cells washed once again with 2-0 ml. of 0.9 % saline, and then resuspended in 1-0 ml. of 0-065m-phosphate buffer, pH 6-2, and heated at 800 for 15 min. As shown previously (Mdllwain & Hughes, 1948) this treatment releases the cozymase from the cells with a 5-8% loss; no corrections for this loss were made. After heating, the tubes were cooled in running tap water and if not used immediately the contents were frozen solid and stored at -14°. Table 1 . The effect of nicotinic acid upon glycolysis by washed spensions of Lactobacillus arabinosus (The cells were grown as indicated below, collected, washed as described and the effect of nicotinic acid on glycolysis measured manometrically. In each Warburg flask was 2-0 ml. containing: 0-05M-NaHCO5; 0-05M-glucose; 2-0-4-0 mg. dry wt. cells. Nicotinic acid (5 x 10-5M final) was added from the side arm.)
Nicotinic acid in growth medium (M X 10-7) 100 10 10 (Table 1 ). The addition of nicotinic acid to glycolysing suspensions of these deficient cells stimulated their rate of glycolysis from two-to three-fold. Higher yields of deficient cells (30-40 mg. dry wt./100 ml.) were obtained after 60-70 hr. growth on the medium containing more nicotinic acid (10-6M), but these cells were unsatisfactory because their rate of glycolysis tended to fall on incubation and the ability to synthesize cozymase was poor. Non-deficient cells were grown on a medium made from enzymically hydrolysed casein, yeast extract and glucose (Nossal, 1951) .
Measurements of the effects of nicotinic acid on glycoly8i8 and cozymase synthesis.
In the main compartment of a conical Warburg cup was placed O-lM-glucose, 0-5 ml.; 0-2M-NaHCO3, 0-5 ml.; washed cell suspension, 0-5ml. and sufficient Krebs & Henseleit saline to bring the final volume to 200ml.The nicotinic acid or derivative was in the side arm in 0-2 ml. water. Yellow phosphorus was placed in the centre well. The cup was gassed with 95 % N2-5% C00, and shaken in a thermostat at 40.00. Readings were taken at 5 min. intervals until the rate of evolution of C00 was constant (20-30 min.). The side arm was then emptied and readings continued at 3-5 min. intervals. To stop the reaction, the cup was taken from the thermostat and placed in an ice-salt freezing mixture. The contents were then allowed to thaw, transferred to a centrifuge tube and centrifuged for 10 miw. at approx. 3500 g. The supernatant was poured off into a test tube. In order to collect the cells quantitatively the cup was Determination of cozymase Cozymase was determined manometrically in the apozymase system ofAxelrod & Elvehjem (1942), essentially as described by MdIlwain & Hughes (1948) . The apparent loss of activity by many batches of apozymase upon storing was found to be associated with the formation of acidic material at 20. This lowered the pH ofthe apozymase system from 6-2 to 5-6-5-8 and thus reduced its activity. In later experiments where the apozymase was dried over P205 and stored over a drying agent such as silica gel at -140 the apozymase lost no activity in a month and lost from 10 to 15% after 2 months. Large blank values in some experiments were found to be.due to cozymase present in the calcium hexosediphosphate (olbtained from Schwartz LabOatories Inc., NMw York 17, U.SX.). To remove the cozymase, the calcium hexosediphosphate was dissolved in 1-1 equivalents of HCI and stirred with one-tenth of its weight in norite for 0-5 hr. at 20. The norite was removed by filtration and 2 equivalents of Ba(OH)2 added. The pH was adjusted;!to 8-5kand the precipitate of dibarium salt of hqjphoslhaofe was filtered off, washed with water and ethanol and dried. Barium was removed from small samples immediately before use by the addition of an equivalent of 0-5N-Na28O5 to an ice-cold solution of the barium salt in 2x-HCl.
Determination of nicotinic acid, nicotinamide and nicotinamide derivatives
In most of the experiments, nicotinic acid was determined by the microbiological assay method of BartonWright (1946 heated in N-HCI as described in a previous paper (Mcllwain & Hughes, 1948) . To distinguish between the acid and amide, a portion of the sample was treated with sodium hypobromite as described by Atkin, Schultz, Williams & Freys (1943) , to destroy the nicotinamide, and another portion was heated with HCI as before. The nicotinic acid in both portions was estimated by microbiological assay and the nicotinamide content of the sample calculated by difference. In some of the laterwork, nicotinic acid andnicotinamide were estimated by the chemical methods of Chaudhuri & Kodicek (1948) and Hughes (1949) . The acetone condensation method of Levitis, Robinson, Rosen, Huff & Perlzweig (1945) was used to determine the total concentration of N'-substituted nicotinamide derivatives. Fluorescence was estimated in a fluorimeter employing a photomultiplier tube and similar to that described by Lowry (1948) . Solutions of quinine sulphatewereusedaspermanent standards. Cozymase, nicotinamide ribotide and riboside can act as 'V' factor for bacteria (Gingrich & Schlenk, 1944) . Activity as 'V' factor was estimated by measuring the growth response of Haemophilus parainfluenzae as described by McIlwain & Hughes (1948) . National Type Culture Collection, strains no. 4101, no. 4625 and eight locally isolated strains were tested. Where the strain was found to reduce nitrate, tests for nitrite were made according to Hoagland & Ward (1942) . It was found that although nitrite was often detected where no growth could be seen, the response ofvarious strains towards nitrate wastoo unreliable to be used as a quantitative method for estimating 'V' factor.
Chemical determinations
Ammonia was distilled in a modified Parnas apparatus or in Conway units and determined by the method of Russell (1945) or with Nessler's reagent. A modification of the method of Van Slyke was used for the estimation of glucose (see Wheatley, 1947) . The ribose and phosphate contents of the nicotinamide nucleotides were determined as described by . Lactic acid was estimated by the method of Friedman & Graeser (1933) .
Material.
The first of the two specimens of cozymase used as a standard was that described as 'C' by McIlwain & Hughes (1948) ; it contained 44 % coenzyme i (Coi) and no detectable free nicotinic acid or nicotinamide. The second specimen was prepared from brewer's yeast according to LePage (1949) , and contained 50-52% Coi when compared with the first specimen in the apozymase system, and approximately 2.0% free nicotinamide, as judged by microbiological assay. Specimens of dihydronicotinamide ribofuranoside (nicotinamide riboside) were made available through the courtesy of Dr L. J. Haynes, Chemistry Department, University of Cambridge. Tests for 'V' factor activity showedthatithad one-quarter to one-tenth ofthe activity of Coi on a molar basis as 'V' factor (Table 2 ) (see also Haynes & Todd, 1950) . In most freshly isolated strains the amounts of riboside needed for visible growth were higher than those needed in the older strains (see Schlenk & Gingrich, 1944) . Specimens of nicotinamide glucoside, galactoside and arabinoside were also synthesized by Dr Haynes; they were without 'V'-factor activity for all strains tested (Table 2) . Nicotinamide ribose phosphate (nicotinamide ribotide) was prepared from cozymase by the action of potato pyrophosphatase according to Kornberg & Pricer (1949) . Nicotinic acid and nicotinamide were commercial specimens which had been recrystallized several times from water-ethanol mixtures. 
RESULTS

Stimulation of glycoly8ia by varying concentrationm of nicotinic acid
The addition ofnicotinic acid in concentrations from 3 x 10-8 to 10-4M to glycolysing washed suspensions of deficient cells caused a gradual increase in the rate of glycolysis (Fig. 1 ). The magnitude of the increase was greatest at and above 1-0-5-0 x 10-6m; below this concentration the effect decreased and generally could not be detected in concentrations below 3 x 10-8M ( Fig. 3 . The initial rate of cozymase synthesis in varying concentrations of nicotinic acid. Cells were grown for 21 hr. on medium containing 2 x 10-7m-nicotinic acid.
The reaction with nicotinic acid was for 10 min. at 400. Cozymase estimations were carried out as described in the text.
mixture to stop the reaction at 5, 10, 15 and 30 min., the cells collected, cozymase extracted, and estimated as already described. Under these conditions no measurable amounts ofcozymase appeared in the reaction fluid and it is therefore assumed that the rate of cozymase accumulation in the cells indicates the rate of cozymase synthesis. As will be seen from Fig. 2 the cozymase content of the cells rapidly rises following the addition of nicotinic acid. At the higher concentrations ofnicotinic acid, themaximum rate of cozymase synthesis lasted for approximately 20-30 min. then decreased and ceased when the cells contained 12-14 1tm-moles/mg. dry wt. (Fig. 2) . At the lower concentrations of nicotinic acid the rate of cozymase synthesis continued approximately linearly until all the available nicotinic acid was converted into the coenzyme (see also p. 335). The maximum rate of cozymase synthesis (16-25 pinmoles/mg. dry wt./hr.) occurred in concentrations at and above 5 x 10-5 m-nicotinic acid and fell off progressively as nicotinic acid concentration was reduced (Fig. 3) . These results confirm the conclusions drawn from the experiments in the preceding paragraph, which suggested that the rate of cozymase synthesis was limited by the concentration of nicotinic acid. (Fig. 4) . At 38 hr. the initial rate was 1-5-2-0 pm-moles/mg. dry wt./hr. and increased to 6 0-10 0 ,im-moles/mg. dry wt./hr. after 50-90 min. In cells grown for 70 hr., however, the rate of cozymase synthesis remained low (0.5-1.0 pm-mole/mg. dry wt./hr.) on incubation up to 3 hr. During this period the rate of glycolysis increased from 1 pemole/mg. carbon dioxide/mg. dry wt./hr. to 4 ,umoles/mg. dry wt./hr. Younger cells with an initial rate of glycolysis of from 2 to 5 anoles carbon dioxide/mg. dry wt./hr. were found to synthesize cozymase at rates of 2-4 ,um-moles/mg. dry wt./hr., that is at a rate two-to three-fold faster than in the old cells whose rate of glycolysis was the same. Although, as is shown later, glycolysis is essential for cozymase synthesis, it would appear that the synthesis in older cells is limited by processes other than glycolysis.
The effect of replacing nicotinic acid by nicotinamide and its derivatives In young deficient cells (19-22 hr. growth) there was no significant difference in the effects on glycolysis or on the rate of cozymase synthesis when nicotinic acid was replaced by nicotinamide, nicotinamide riboside or nicotinamide ribotide. In older cells (30-48 hr. growth) glycolysis was stimulated more rapidly by the nicotinamide and its derivatives than by nicotinic acid, although the final rate of glycolysis was the same (Fig. 5 ). This suggests that in older cells cozymase is synthesized more rapidly from nicotinamide and its derivatives than from nicotinic acid. Experiments in which the cozymase content of the cells was measured showed no differences in the rate of cozymase synthesis. As shown previously the differences in the amount of cozymase which changed the rate of glycolysis were of the order of 1-0-2-0 um-moles/mg. dry wt. Differences in the rate of formation of such small amounts of cozymase were too small to be measured by the present methods. No cozymase was synthesized from nicotinamide arabinoside, nicotinamide glucoside or nicotinamide galactoside. This result agrees with the finding that these compounds are inactive as 'V' factor for Haem. parainfluenzae. Hughes, 1948) . The intact cozymase molecule thus appears to be readily adsorbed. and no nicotinamide or other possible intermediates in the synthesis of cozymase accumulated once the saturation level was attained (Table 5) . When experiments were continued for longer periods, i.e. up to 4 hr. instead of the usual 1-2 hr., a small amount of an N1-substituted nicotinamide compound was detected in the medium. This material had 'V '-factor activityforHaem. parainfluenzae, but the amounts as judged by the fluorimetric method of Levitis et al. (1945) were equivalent to 0*02 Ixn-mole, This amount of cozymase (10-12 pm-moles/mg. dry wt.) therefore appears to be a saturatiQn level for this organism and once it is attained the organism ceases either to adsorb further cozymase from the medium or to destroy it as in the case ofother microorganisms (Mcllwain & Hughes, 1948) .
The metabolism of nicotinic acid In the absence of glucose, nicotinic acid was not removed from the medium by washed suspensions of cells which had been grown under a variety of conditions. In the presence of glucose, however, nicotinic acid was taken up by deficient cells at approximately the same rate as cozymase was synthesized (Table 4) . During synthesis, small amounts of free nicotinic acid sometimes appeared in the cells, but when the cozymase content of the cells had reached 10-12 ,um-moles/mg. drywt. cozymase synthesis and nicotinic acid metabolism ceased. When the cells were provided with up to tenfold excess of nicotinic acid the excess acid was recovered from the medium of cozymase/2.0 ml. and were too small to be estimated in the apozymase system. It is uncertain, therefore, whether the substance leaking from the cells is cozymase or some other N1-substituted nicotinamide derivative. The metabolism of nicotinamide Nicotinamide added to glycolysing cells disappeared rapidly from the medium as judged by the fluorescence after reaction with CNBr (Chaudhuri & Kodicek, 1948) (Table 6 ). Some of the nicotinamide (20-40,umoles) which disappeared from the medium was accounted for by the appearance in the cells ofcozymase,but the rest could not be accounted Vol. 5I for by the accumulation of other derivatives of nicotinic acid or nicotinamide (Table 6 ). After reaction with nicotinamide the mother liquor was examined by the method of Hughes (1949) (reaction with CNBr at pH 5-5, followed by sodium hydroxide), and the absorption spectrum was found to since blank values on the cells themselves were sometimes as large as that expected to be formed from the nicotinamide (100,um-moles). However, am- monia formation at the rate of approximately 2 pmoles/mg. dry wt./hr. was found when cells were incubated with larger amounts ofnicotinamide than Table 6 . Deamitnation of nicotinamide during cozymase 8ynthesi8 (The reaction was carried out as described in the text. In each Warburg flask were 2-0 ml. containing: 0-05M-glucose; 0 05M-NaHCO3; 2*3 mg. dry wt. cells. Nicotinamide (100 m-moles) was added from the side arm.) Chaudhuri & Kodicek, 1948) .
resemble that of nicotinic acid (Fig. 6) . The formation of nicotinic acid from nicotinamide was confirmed by microbiological assay (Table 6 ). It was also found that there was some temporary increase in the ammonium content of the medium during reaction with nicotinamide by glycolysing celLs under these conditions (Table 6 ). The amount of ammonia expected to be formed under the usual conditions was too small to be accurately estimated usual (2.0 x 10-3M). A similar formation of ammonia occurred in the absence of glucose (Table 7) . It is clear, therefore, that these organisms deamidate nicotinamide and that this reaction, unlike the uptake of nicotinic acid and the synthesis of cozymase, is independent of the presence of glucose. Table 7 . Nicotinic acid and NH3formation from nicotinamide in the absence of glucose (Lb. arabinosu was grown on the Pronutrin medium for 16 hr., collected by centrifugation and washed in 0.9% NaCl. Reaction was carried out in double side-arm test tubes (Hughes & Williamson, 1952) . In each was 10-0 ml. 0 2M-phosphate buffer, pH 6-5; 0 002M-nicotinamide; and 5 mg. dry wt. cells. The tubes were incubated at 400 and the reaction stopped by the addition of 1 ml. 2N-H2SO4. The maximum rate of deamidation of nicotinamide (1-2 pAmoles/mg. dry wt./hr.) was some 200 times faster than the maximrum rate of cozymase synthesis and appeared to be independent of the time for which the cells had been grown (up to 4 days). Cells grown on the semi-synthetic medium with adequate nicotinic acid and cells grown on the' 'pronutrin' medium also deamidated nicotinamide at the same rate as the deficient cells. The rate of deamidation is therefore independent of the 336 I952 cozymase content of the cells. In cells grown for 40-50 hr. the initial rate of cozymase synthesis from nicotinamide was 1 5-4 0 ,um-moles/mg. dry wt./hr. Under these conditions all added nicotinamide (100 pm-moles) was converted to nicotinic acid in the first 5-8 min. of the reaction. This means that the bulk of the cozymase synthesized by the cells after 2 hr. (8-10 lam-moles/mg. dry wt.) could not have been directly derived from the added nicotinamide.
The effect of conatituent8 of the growth medium on cozymase synthes by wa8hed .supen8ion
To the washed suspensions, the growth medium were added as under the conditions describe ribose, adenine or phosphate, nor by constituents of the growth medium other than glucose. Route of cozymase 8ynthes8. In most species of .ception of guanine bacteria, nicotinamide is as readily or more readily ,rowth medium had available for growth as is nicotinic acid (Knight, lation of glycolysis. 1945) . These findings are generally believed to narkedly decreased indicate that the acid is amidated as the first step 3effect could not be in the synthesis of cozymase. This idea is also otherwise identical supported by the studies on the inhibitory effects of as not investigated pyridinesulphonic acid and pyridinesulphonamide synthesis was not (Mcllwain, 1940) and by the present studies on the lin mixture, trypto-stimulation of glycolysis by nicotinamide and nicoibose, ammonium tinic acid in which the amide appeared to be more te. The omission of readily available than the acid. Further studies on synthesis of cozy-the metabolism of nicotinamide showed, however, tinamide and nico-that even in young cells, where the synthesis of pyruvic acid nor cozymase was most rapid, nicotinamide was de-1 glucose, but no amidated some 50 to 100 times faster than cozymase ied. In the presence was synthesized. In fact, in the older cells very little ase synthesis from cozymase could have been synthesized from the 22 VoI. 5I 337 (I I952 added nicotinamide and was made instead from the nicotinic acid formed by deamidation of the amide. But this does not rule out the possibility that nicotinamide is an intermediato in the synthesis of cozymase since reactions causing the breakdown of essential metabolites are of common occurrence in bacteria. For instance the breakdown of glutamine has been shown to occur in Clo8tridium welchii (Krebs, 1948; Hughes & Williamson, 1952) atamuch faster rate and by a different reaction than it is synthesized (Fry, 1949) . Inerythrocytes,whilenicotinic acid readily gives rise to cozymase, no cozymase was formed from nicotinamide (Handler & Kohn, 1943; Hoagland & Ward, 1942) . In certain strains of Pa8teurella and Leuconostoc nicotinic acid but not nicotinamide supports growth (Johnson, 1945; Koser & Kasai, 1950) . These results could be taken as indicating that nicotinamide is not an intermediate in cozymase synthesis. The evidence as to whether nicotinic acid is amidated to form nicotinamide or whether nicotinic acid riboside is formed first and is then amidated must therefore remain uncertain. Lb. arabino8us does not seem to be suitable material on which to study this question, since no intermediates in the synthesis of cozymase from nicotinic acid accumulate during synthesis and excess nicotinamide is decomposed by the organism. SUMMARY 1. Glycolysing washed suspensions of cozymasedeficient cells of Lactobacilluo arabirno8u8 17-5 synthesized cozymase from nicotinic acid, nicotinamide riboside and nicotinamide ribotide.
2. The newly formed cozymase stimulated the rate of glycolysis by the cells from two-to five-fold. Maximum stimulation occurred in the presence of 1 to 5 0 x 10-6M-nicotinic acid.
3. As judged by their effects on glycolysis, nicotinamide, nicotinamide riboside and ribotide were in older cells more readily available for cozymase synthesis than was nicotinic acid.
4. The rate of cozymase synthesis in any batch of cells was dependent on the added nicotinic acid concentration and was maximal at and above 5 x I0O-'m-nicotinic acid.
5. The maximum rate of cozymase synthesis (18-24 um-moles/mg. dry wt./hr.) occurred in cells grown for 18-24 hr. and fell progressively as the cells were grown for longer periods.
6. Cozymase synthesis and the uptake of nicotinic acid ceased when the cells contained from 10 to 12 um-moles cozymase/mg. dry wt.
7. Cozymase uptake and synthesis and the uptake ofnicotinic acid and nicotinamide did not occur in the absence of glucose. No other constituent of the growth medium had marked effect on these processes.
8. Nicotinamide was deamidated rapidly (1-
